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Alternative Macrophage Activation Is Essential for
Survival during Schistosomiasis and Downmodulates
T Helper 1 Responses and Immunopathology
form an IL-4 receptor (type 1 IL-4R) or with the IL-13R1
binding chain to form a functional IL-13 receptor (type
2 IL-4R). The combined action of IL-4 and IL-13 provides
an elegant strategy for host protection against most
parasitic helminths, but in allergic disease, the effector
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can also have pathological consequences upon host tis-
sue; therefore, alternative macrophage activation has
been proposed as a mechanism by which Type 2 re-Summary
sponses attenuate excessive inflammation (Gordon,
2003). These cells express the macrophage mannoseMacrophage/neutrophil-specific IL-4 receptor -defi-
receptor, Arginase I, FIZZ-1, and YM-1 (Gordon, 2003;cient mice (LysMCreIL-4R/flox) were generated to un-
Loke et al., 2002; Raes et al., 2002). Interleukins (IL-4,derstand the role of IL-4/IL-13 responsive myeloid
IL-10, and IL-13) have all been shown to promote thecells during Type 2 immune responses. LysMCreIL-
alternatively activated phenotype in vitro (Goerdt and4R/flox mice developed protective immunity against
Orfanos, 1999), but it is unclear whether IL-10 promotesNippostrongylus brasiliensis accompanied by TH2 de-
alternative activation or general inhibition of macrophagevelopment and goblet cell hyperplasia. In contrast,
function. While IL-4 and IL-13 can induce mannose recep-LysMCreIL-4R/flox mice were extremely susceptible to
tor upregulation and MHC class II expression, IL-10 hasSchistosoma mansoni infection with 100% mortality
broadly suppressive effects on macrophage cytokineduring acute infection. Mortality was not dependent on
production and costimulatory molecule expression (Fi-neutrophils and occurred in the presence of TH2/Type
orentino et al., 1991; Goerdt and Orfanos, 1999; Gordon,2 responses, granuloma formation, and egg-induced
2003). Therefore, the recent definition of alternativelyfibrosis. Death was associated with increased TH1 cy-
activated macrophages has been limited to the actionstokines, hepatic and intestinal histopathology, in-
of IL-4 and/or IL-13 (Gordon, 2003). Although TH2 re-creased NOS-2 activity, impaired egg expulsion, and
sponses are clearly responsible for alternative macro-sepsis. IL-10 was not able to compensate for the ab-
phage activation, the importance of this activation path-sence of IL-4/IL-13-activated alternative macrophages.
way in T cell priming, differentiation, or effector functionTogether, this shows that alternative macrophages
is largely unknown.
are essential during schistosomiasis for protection
IL-13 production is required for the resolution of Nip-
against organ injury through downregulation of egg- postrongylus brasiliensis infection, and reduced TH2 re-induced inflammation. sponses in IL-4R-deficient mice make them extremely
susceptible to this helminth (Barner et al., 1998). Like-
Introduction wise, infection of mice or humans with Schistosoma
mansoni results in a CD4 T cell-dependent Type 2 re-
Interleukin-4 (IL-4) and IL-13 are closely related cyto- sponse (Pearce and MacDonald, 2002). There was previ-
kines with overlapping, yet distinct, functions and are ous uncertainty as to whether Type 2 responses were
important regulators during infectious diseases. Signal- host protective, but studies performed with IL-4/, IL-4/
ing for both cytokines is dependent upon the IL-4R IL-10/, or IL-4/IL-13/ double-deficient mice clearly
chain in association with either the common  chain to demonstrated increased rates of mortality during acute
schistosomiasis (Fallon et al., 2000; Hoffmann et al.,
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in modulating life-threatening disease, chronic TH2 re- Selective Impairment of IL-4R Function
in Macrophages and Neutrophilssponses are also responsible for experimental hepatic
IL-4R cell surface expression was analyzed in neutro-fibrosis and morbidity. Arginase I has a direct role in
phil (I-aD/GR1), macrophage (F4/80), lymphocytethe biosynthetic pathway of collagen production and
(CD3 and B220), and dendritic cell (CD11cCD8 andis thought to promote fibrosis during schistosomiasis
CD11cCD8) populations of S. mansoni-infected mice.(Hesse et al., 2001). Since macrophages are a prominent
In the LysMCreIL-4R/flox strain, abrogation of IL-4Rcomponent of the S. mansoni egg granuloma and IL-13
expression was observed only in the neutrophil andcan induce Arginase I activity in macrophages (Modolell
macrophage populations (Figure 1D), showing efficientet al., 1995), it is possible that IL-4R-activated macro-
Cre-mediated deletion of the IL-4R gene. Indeed, LPS-phages are critical for immunopathogenesis. Overall,
stimulated peritoneal macrophages (or bone marrow-the cell type(s) responsible for the balance between TH2-
derived macrophages, data not shown) treated with IL-4mediated pathology and TH1-mediated morbidity/mor-
showed a significant reduction of TNF secretion only intality is still a matter of speculation.
wt and not in IL-4R/ or LysMCreIL-4R/flox mice (Fig-To elucidate the role served by IL-4/IL-13 in macro-
ure 2A). Cytokine specificity was demonstrated by co-phage and neutrophil function, mice were engineered
treatment with IL-10, which globally suppressed TNFwith a loxP-flanked IL-4R allele and Cre-recombinase
production in all macrophage populations. Similarly, IL-expression under control of the regulatory region for the
13-mediated suppression of NO production was absentlysozyme M gene (LysMCre mice), thereby restricting Cre-
in LPS/IFN--stimulated peritoneal macrophages frommediated loxP recombination to only macrophages and
IL-4R/ and LysMCreIL-4R/flox mice but present in wtneutrophils (Clausen et al., 1999; Croker et al., 2003;
mice (Figure 2B). In addition, F4/80 macrophages fromTakeda et al., 1999). In this report, LysMCre IL-4R/flox
LysMCreIL-4R/flox also showed impaired IL-4-mediatedmice were characterized using N. brasiliensis and S. man-
MHC-II (I-aD) upregulation and STAT6 phosphorylationsoni to determine the role of IL-4/IL-13-activated macro-
(data not shown). Granulocytes were isolated to deter-phages/neutrophils during TH2 responses. While alter- mine the ability of IL-4 to suppress O2 production. Pre-native macrophages were not involved in expulsion of
treatment with IL-4 (Figure 2C) or IL-13 (data not shown)
N. brasiliensis or egg-induced hepatic fibrosis, it was
could effectively suppress up to 40% of O2 release in
clearly demonstrated that IL-4R signaling in macro-
PMA-stimulated wt but not in IL-4R/ or LysMCreIL-
phages was critical for host survival during schistoso-
4R/flox granulocytes. Impairment was IL-4R-specific
miasis. since IL-10 could effectively suppress O2 production
in all strains.
CD4 T cells were isolated from lymph nodes of naive
Results mice, stimulated with anti-CD3/CD28, and given either
IL-12/anti-IL-4 or IL-4/anti-IFN-. Results in Figure 2D
Generation of Macrophage/Neutrophil-Specific demonstrate that TH1 polarization was achieved in allIL-4R-Deficient Mice three strains following IL-12/anti-IL-4 treatment, while
Conditional IL-4R-deficient (IL-4Rflox/flox) mice were IL-4 was able to drive TH2 polarization from CD4 T cells
generated by gene targeting using an isogenic targeting of LysMCreIL-4R/flox and wt but not from IL-4R/mice.
vector and Cre-mediated site-specific recombination in IL-4 promotes B cell proliferation in vitro, which was
BALB/c ES cells. The neomycin resistance/thymidine comparable between wt and LysMCreIL-4R/flox lym-
kinase (neo/tk) cassette flanked by loxP sites was intro- phocytes in a dose-responsive manner but com-
duced into intron sequences 5 of exon 7 and an addi- pletely absent in IL-4R/ lymphocytes (Figure 2E). IL-4
tional loxP site was inserted into the intron 5 of exon treatment of CpG-stimulated bone marrow-derived den-
10 (Figure 1A). Transient Cre expression in successfully dritic cells enhanced IL-12p70 production in LysMCreIL-
targeted ES cells resulted in removal of the selection 4R/flox and wt but not the IL-4R/ strain (Figure 2F).
cassette and retention of two loxP sites flanking exons Together, these data provide evidence for efficient im-
7–9. Cell-specific gene disruption in macrophages and pairment of IL-4R-mediated functions in LysMCreIL-
neutrophils was achieved through an intercross be- 4R/flox macrophages and neutrophils but not in lym-
tween hemizygous IL-4R/flox mice (bearing one floxed phocytes or dendritic cells.
and one disrupted IL-4R allele) and transgenic LysMCre
mice on an IL-4R/ background. Transgene-bearing LysMCreIL-4R/flox Mice Develop Type 2 Immunity
hemizygous mice (LysMCreIL-4R/flox) were identified by against N. brasiliensis
PCR genotyping (Figure 1B). Cre-mediated disruption LysMCreIL-4R/flox mice were infected with N. bra-
in bone marrow-derived macrophages from LysMCreIL- siliensis larvae to determine the role of IL-4/IL-13 re-
4R/flox mice was confirmed by Southern blotting (data sponsive macrophages and neutrophils during Type
not shown). This mouse strain had no overt phenotypic 2-dependent immunity. Although IL-4R/ mice showed
abnormalities with normal distribution of T and B cells impaired resistance, the LysMCreIL-4R/flox strain termi-
in lymphatic organs according to FACS analysis (data nated egg excretion (Figure 3A) and eradicated adult
not shown). Insertion of loxP sites had no influence on worms (Figure 3B) with kinetics similar to those ob-
IL-4 receptor function, demonstrated by a dose-depen- served in wt mice.
dent proliferation of IL-4-stimulated lymphocytes in IL- Worm expulsion correlated with IL-13-driven goblet
4Rflox/flox mice (Figure 1C). These results suggest a silent cell hyperplasia that was present similarly in LysMCreIL-
4R/flox and wt intestinal tissue but impaired in the IL-floxed mutation of the IL-4R gene.
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625
Figure 1. Cell-Specific Disruption of the IL-4R Gene in Macrophages and Neutrophils
(A) IL-4R gene locus and targeted deletion. Introduction of (neo/tk) selection cassette flanked by two loxP sites (arrowhead), and one loxP
site 5 of exon 10 resulted in the generation of the conditional “floxed” mouse (exons 7 and 10) after gene targeting in BALB/c ES cells and
transient Cre-mediated recombination. An intercross between the floxed strain and LysMCre knockin strain facilitated the generation of
macrophage/neutrophil-specific IL-4R-deficient mice. Numbers indicate exons of the IL-4R gene; B, E, and X, restriction site for BamHI,
EcoRI, and XhoI.
(B) Identification of the different IL-4R alleles and the LysMCre transgene. Three specific PCR reactions were used to identify LysMCreIL-
4R/flox mice: IL-4R deletion-specific PCR (1300 bp product), loxP-specific (188 bp), or wt (94bp) Cre-recombinase (450 bp). LysMCreIL-
4R/flox mice possess one deleted IL-4R allele, one floxed allele, and the LysMCre recombinase gene.
(C) Unimpaired IL-4-mediated functions in IL-4Rflox/flox mice. Lymph node cells from wt (black symbol), IL-4R/ (white symbol), and IL-
4Rflox/flox (hatched symbol) mice were stimulated with IL-4. DNA synthesis was measured by thymidine incorporation for 18 hr. Mean  SD
from triplicate cultures.
(D) Cell type-specific IL-4R expression. Mesenteric lymph node cells from S. mansoni infected mice were costained using IL-4R together
with GR-1/I-ad or F4/80 for neutrophils or macrophages, B220 or CD3 for B or T cells, CD11cCD8 and CD11cCD8 for dendritic cell
subpopulations. wt (BALB/c or IL-4R/flox), gray shade; IL-4R/, black line; LysMCreIL-4R/flox, gray dotted line. Pooled samples of five mice
are shown, representative from two to four experiments.
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Figure 2. Cellular Characterization of IL-4-
and IL-13-Mediated Functions in LysMCreIL-
4R/flox Mice
Five mice per group with wt mice (black sym-
bols), IL-4R/ mice (white symbols), and
LysMCreIL-4R/flox mice (hatched symbols)
were used for cellular characterization with a
representative from two to four experiments.
(A) Suppression of TNF production. Perito-
neal macrophages were treated with IL-4 or
IL-10 and stimulated with LPS/IFN-. TNF
was measured in the supernatants after 24
hr; *p  0.01, compared to wt.
(B) Suppression of NO production. Peritoneal
macrophages were treated with medium sup-
plemented with IL-13 and stimulated 24 hr
later with LPS/IFN-. Nitrite production was
measured after 48 hr; *p  0.01, compared
to wt.
(C) Suppression of oxidative burst. Nonad-
herent peritoneal cells (90% Gr-1, B220)
were incubated with medium alone or supple-
mented with IL-4 or IL-10 and stimulated with
PMA; *p  0.01, compared to wt.
(D) T helper polarization. TH1 versus TH2 cell
differentiation was promoted with IL-12/anti-
IL-4 mAb or IL-4/anti-IFN- mAb, respec-
tively, and IFN- or IL-4 secretion was deter-
mined.
(E) Lymphocyte proliferation. Lymph node
cells were stimulated with IL-4. DNA synthe-
sis was measured by thymidine incorporation
for 18 hr.
(F) IL-4-instructed IL-12p70 production by
dendritic cells. Bone marrow-derived DCs
were stimulated with 0.25 	M CpG with or
without IL-4 and IL-12p70 was determined 12
hr later. Mean  SD of triplicate cultures with
*p  0.001, compared to wt.
4R/ strain (Figure 3C). Preferential TH2 polarization and overall size of IL-4R/ liver granuloma tissue was
of mesenteric CD4 T cells was observed in LysMCreIL- observed (Table 1 and Figure 4A). LysMCreIL-4R/flox
4R/flox and wt mice demonstrated by significantly ele- liver granulomas, however, were similar to the wt strain
vated IL-4, IL-5, and IL-13 production in contrast to the but larger and less compact. Although there were half
dominant TH1 (IFN-) response of IL-4R/ CD4 T cells as many eosinophils per 	m2 in LysMCreIL-4R/flox tissue
(Figure 3D). In accordance with the cytokine response, (Table 1), the absolute number were comparable to wt
both LysMCreIL-4R/flox and wt mice generated high se- due to the increased granuloma size in the former.
rum levels of polyclonal IgE, unlike the IL-4R/ strain IL-4/IL-13-mediated activation of macrophages is
(Figure 3E). These data confirm normal lymphocyte func- thought to induce collagen by enhanced proline produc-
tion in LysMcreIL-4R/flox mice and extend these ob- tion, thus leading to fibrosis (Hesse et al., 2001). How-
servations to goblet cells. Together, they showed that ever, only IL-4R/ mice but not LysMCreIL-4R/flox
IL-4R-mediated functions in macrophages and neutro- mice showed impaired collagen production, as deter-
phils are not essential in host protection against N. bra- mined by CAB staining and quantitation of liver hydroxy-
siliensis. proline (Table 1 and Figure 4B). Examination of fibrosis
in mice at 20 weeks postinfection with 25 cercariae also
revealed that wt and LysMCreIL-4R/flox mice had similarAlternative Macrophage Activation Is Not Required
levels of fibrosis with mean values of 1.5 	moles/104for Granuloma Formation or Hepatic Fibrosis
eggs, versus 1.9 	moles/104 eggs, respectively. Macro-during Acute Schistosomiasis
phage recruitment and classical activation was deter-The TH2 driven granulomatous pathology induced by
mined by detection of F4/80 and NOS-2, respectively.S. mansoni eggs during natural infection reaches its
Impaired granuloma formation in IL-4R/ mice corre-maximal response by 7 to 8 weeks postinfection (Pearce
sponded to reduced F4/80 staining (Figure 4C), whileand MacDonald, 2002). Histological examination of egg-
both IL-4R/ and LysMCreIL-4R/flox liver granulomasinduced granulomas revealed a clear importance for IL-
contained many NOS-2 positive cells mostly costained4R expression in liver pathology. In contrast to the
with the F4/80 macrophage marker (Figure 4C). Man-eosinophilic, circumoval appearance of the wt granulo-
mas, a significant decrease in the eosinophil content nose receptor, a marker for alternative macrophage acti-
Alternative Macrophages in Schistosomiasis
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Figure 3. N. brasiliensis Infection Studies in
LysMCreIL-4R/flox Mice
Five mice per group were s.c. infected with
750 L3 larvae of N. brasiliensis using IL-
4R/flox or wt controls (black symbols), IL-
4R/ mice (white symbols), or LysMCre
IL-4R/flox mice (hatched symbols). A repre-
sentative of three experiments with *p  0.01
is shown.
(A) Egg secretion. Fecal eggs from individual
mice were counted daily by the flotation
method.
(B) Intestinal worm load. Adult worms were
counted in the intestine from individual mice
at day 7 and 14.
(C) Intestinal goblet cell number. Mucus-pro-
ducing goblet cells (arrows) in the small intes-
tine of day 14 infected mice were detected
by PAS staining. Values indicate mean  SD
of mucus-producing goblet cells/10 intesti-
nal villi.
(D) T helper cytokine responses. CD4 cells
from pooled MLN were stimulated with anti-
CD3 and analyzed for cytokine production.
Mean  SD of triplicate wells.
(E) IgE production. Serum levels of total IgE
from individual mice were determined at day
0 and 14 postinfection.
vation (Gordon, 2003), was absent in IL-4R/ and Lys- fected LysMCreIL-4R/flox mice have impaired alternative
macrophage activation and enhanced NOS-2 produc-MCreIL-4R/flox liver granuloma tissue but present in the
wt (Figure 4D). These results show that S. mansoni in- tion, together with a larger granuloma size, unaltered
Table 1. Liver Pathology during Acute Schistosomiasis
wt IL-4R/ LysMCreIL-4R/flox
Liver granuloma area [(	m2) 
 103]a 78  36 13.7  9c 130  47
Granuloma eosinophils (1000
)b 200  72 9  6c 109  27
Hydroxyproline (	moles/104 eggs) 7.2  2.3 2.2  1c 8.1  1.5
Parasite burden [(eggs/liver) 
 103] 21  5 18  7 17  9
a Data shown represent the mean of 50 granulomas measured per mouse in a group of five animals 7 weeks postinfection with 100 cercariae
of S. mansoni.
b Data shown represent the mean number of eosinophils per high-powered field in each granuloma, measured as above.
c p  0.01, as compared to wt.
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Figure 4. Histopathology of S. mansoni In-
fected IL-4R/ and LysMCreIL-4R/flox Mice
Five mice per group were infected with 100
cercariae of S. mansoni and analyzed 7
weeks later. Shown are representatives of a
total of 250 analyzed sections from three in-
dependent experiments.
(A) Granuloma. Liver granulomatous tissue
with egg in center formalin fixed and H & E
stained (200
).
(B) Fibrosis. Liver granulomatous tissue are
stained with CAB (chromotrope analine blue)
and counterstained with haematoxylin (colla-
gen in blue; 100
).
(C) Classical macrophages. Frozen liver sec-
tions (200
) were double stained with a mAb
against NOS-2 (green; see inset for single
stain) and F4/80 (red).
(D) Alternative macrophages. Liver sections
were stained with a mAb against the mannose
receptor (green).
(E) Intestinal pathology. Small intestine (il-
eum) was formalin fixed and H&E stained
(100
).
eosinophil recruitment, and egg-induced collagen pro- weekly injections of RB6-8C5 starting at week 5 post-
duction. infection, no influence on survival kinetics was observed
(Figure 5B). Together, this strongly suggests that IL-4/
IL-13-activated macrophages but not neutrophils areAcute Schistosomiasis in LysMCreIL-4R/flox Mice
essential for survival during acute schistosomiasis.Leads to Enhanced Mortality, Liver Damage,
Sera from S. mansoni infected mice were analyzedGut Pathology, and Sepsis
for levels of aspartate transaminase (AST) and endotoxinwt, IL-4R/, and LysMCreIL-4R/flox mice infected per-
(LPS), as an indication of hepatocellular and intestinalcutaneously with 100 cercariae were monitored for dis-
damage, respectively. Both LysMCreIL-4R/flox and IL-ease outcome. Though wt mice survived the monitored
4R/ strains had significantly increased levels of AST80 days with little morbidity or mortality, all LysMCreIL-
and LPS, as compared to the wt (Figures 5C and 5D).4R/flox and IL-4R/ mice succumbed to infection,
These results demonstrate that mortality in IL-4R mu-with mean survival times of 54  2 and 59  3 days,
tant strains was associated with increased hepatocyterespectively (Figure 5A). Mortality was associated with
damage and endotoxemia. LysMcreIL-4R/flox and IL-progressive weight loss in both mutant strains that be-
4R/ strains showed massive inflammatory cell infil-gan late in the 6th week of infection, and some animals
trates in intestinal granulomas (Figure 4E), associatedhad lost up to 20% of their original body weight at the
with the enhanced production of both proinflammatorytime of death (data not shown). Neutrophils were de-
(IFN-) and anti-inflammatory (IL-10) cytokines in gutpleted to examine if granulocytes were involved in
the early mortality after S. mansoni infection. Despite tissue (Figure 5E). Furthermore, the fecal egg output of
Alternative Macrophages in Schistosomiasis
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Figure 5. Severe Schistosomiasis in IL-4R/ and LysMCreIL-4R/flox Mice Due to Liver Damage and Gut Inflammation
Four to six mice/group were infected percutaneously with 100 cercariae of S. mansoni and analyzed 7 weeks postinfection.
(A) Survival kinetics. wt (squares), IL-4R/ (circles), and LysMCreIL-4R/flox mice (triangles).
(B) Survival kinetics after depletion of granulocytes. RB6-8C5 mAb (black symbols) or an isotype control GL113 mAb (white symbols) was
injected weekly, starting at 5 weeks postinfection.
(C) Hepatocellular damage. Aspartate transaminase (AST) sera concentration; *p  0.05, compared to wt.
(D) Sepsis. Endotoxin units in sera from wt (black bars), IL-4R/ (white bars), or LysMCreIL-4R/flox mice (hatched bars). Mean  SD of five
mice per group; *p  0.05, compared to wt.
(E) Intestinal cytokine production. IL-10 and IFN- concentrations in ileum homogenates from noninfected mice (black bars) and infected mice
(white bars); *p  0.05.
(F) Fecal egg release. Egg counts in feces from infected wt (black bars), IL-4R/ (white bars), LysMCreIL-4R/flox mice (hatched bars); *p 0.05.
(G) Survival after treatment with broad spectrum antibiotic. wt (squares), IL-4R/ (circles), and LysMCreIL-4R/flox mice (triangles) were given
50 mg/ml of enrofloxacin-treated water (black symbols) or left untreated (white symbols) starting 5 weeks postinfection with 75 cercariae of
S. mansoni; *p  0.01, compared to wt.
Immunity
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IL-4R/ and LysMCreIL-4R/flox mice was significantly against N. brasiliensis occurs independently of alterna-
tive macrophage activation.reduced compared to wt animals (Figure 5F). Systemic
antibiotic treatment resulted in extension of survival time Infection with S. mansoni leads to CD4 T cell-depen-
dent granulomatous pathology that occurs in responsein LysMCreIL-4R/flox and IL-4R/ mice, as compared
to the untreated counterparts (Figure 5G), suggesting to parasite eggs deposited in liver and intestinal tissue
(Pearce and MacDonald, 2002). A comparative analysisthat sepsis was a main factor causing death of the mu-
tant mouse strains. of granuloma size and composition was performed in
order to explore a possible role for alternative macro-
phage activation in this process. In comparison to the wt
TH1 and TH2 Responses Are Present liver granulomas, there was much less cell recruitment
in LysMCreIL-4R/flox Mice in the IL-4R/ strain (Figure 4). This contrasted with
Increased antigen-specific TH1 responses but reduced LysMCreIL-4R/flox mice that had slightly larger and
IL-4, IL-5, and IL-10 production was observed in IL- somewhat less compact granulomas, as compared to
4R/ mice (Figure 6A), as compared to wt mice at the wt, but still contained significant numbers of eosino-
day 49 postinfection. LysMCreIL-4R/flox mice showed phils (Figure 4A). Detection of F4/80- and CD11b (data
a differential profile, with TH1 responses reflecting IL- not shown)-positive cells by immunostaining demon-
4R/ mice and TH2 responses reflecting wt mice. Ac- strated that macrophage recruitment was not inhibited
cordingly, SEA-specific IgG2a, IgG1, and IgE antibody by the myeloid-specific IL-4R deletion. More impor-
responses were simultaneously present (Figure 6B). A tantly, the activation status of granuloma macrophages
similar cytokine profile was also observed in hepatic was profoundly altered in the absence of IL-4R expres-
mRNA transcripts, as determined by real-time RT-PCR sion. Whereas wt liver granulomas were strongly posi-
(Figure 6C). The presence of IL-10 in infected LysMCreIL- tive for mannose receptor (Figure 4D) or Arginase I (data
4R/flox mice (Figures 5E and 6C) indicated that IL-10 not shown) (Hesse et al., 2001; Linehan et al., 2003),
might not influence alternative macrophage activation. there was no staining for these markers in LysMCreIL-
This was confirmed, as only IL-4 and IL-13 but not IL- 4R/flox or IL-4R/ granuloma tissue. Impaired alter-
10 or IFN-were able to promote Arginase I upregulation native macrophage activation correlated with increased
in LPS-stimulated thioglycollate-elicited wt macro- classical macrophage activation, as indicated by in-
phages (Figure 6D). In summary, these results suggest creased nitric oxide synthase (NOS-2)-positive cells in
that IL-10 is not involved in alternative macrophage acti- liver granuloma tissue of both IL-4R mutant strains
vation and the presence of a TH2 response is not able (Figure 4C).
to prevent death from schistosomiasis in LysMCreIL- Competition between NOS-2 and Arginase I for the
4R/flox mice. common substrate L arginine results in the production
of nitric oxide or polyamines, proline, and urea, respec-
tively (Munder et al., 1998). Arginase I is an essentialDiscussion
enzyme of the urea cycle that hydrolyzes L arginine to
urea and L ornithine, thus ammonia detoxification is itsThe present work describes the generation, character-
primary function in the liver. L ornithine is also a neces-ization, and functional analysis of mice lacking the IL-
sary metabolite for the production of proline (a critical4R chain selectively in macrophages and neutrophils.
amino acid for the synthesis of collagen), which linksTwo infectious disease models were employed in which
arginase activity to hepatic fibrosis during S. mansoni in-host protection or pathology was dependent upon Type
fection. Blocking ornithine-carbamoyltransferase (ODC)-2 immune responses. Here, we provide evidence that
dependent polyamine production showed a direct roleIL-4/IL-13-activated alternative macrophages are not
for the arginase biosynthetic pathway in pathologicalimportant for N. brasiliensis expulsion but essential for
fibrosis (Hesse et al., 2001). Since IL-4/IL-13-activatedsurviving acute schistosomiasis.
macrophages are an important source of proline, theyLysMCreIL-4R/flox mice were established after gener-
were hypothesized to serve as important controllers ofating conditional knockout IL-4Rflox/flox mice by gene
fibrosis (Hesse et al., 2001). Our results do not supporttargeting in BALB/c ES cells and subsequent inter-
this hypothesis, since there was no decrease in thebreeding with LysMCre knockin mice. FACS analysis and
hydroxyproline content of S. mansoni liver tissue in Lys-subsequent functional studies revealed cell type-spe-
MCreIL-4R/flox mice, as compared to the wt. However,cific disruption of the IL-4R gene in macrophages and
there was abrogation of collagen production in the gran-neutrophils only, with normal IL-4/IL-13 responsiveness
ulomas of IL-4R/ mice, which agrees with a previousin B and T lymphocytes, as well as dendritic cells. This
study of impaired granulomatous pathology in absencewas confirmed in experimental helminth infections
of IL-4R (Jankovic et al., 1999). Thus, although IL-13(N. brasiliensis or S. mansoni) with impaired IL-4/IL-13-
is essential for collagen production (Chiaramonte et al.,activated alternative macrophage activation in LysMCreIL-
1999), alternatively activated macrophages are not the4R/flox mice but normal TH2/Type 2 responses and
only proline source. A more likely cause of fibrosis duringgoblet cell hyperplasia, compared to wt littermate con-
schistosomiasis are IL-13-activated fibroblasts, termedtrols. The ability of LysMCreIL-4R/flox mice to expel adult
stellate cells in the liver, which are well-known producersparasites from the gut excludes any important role for
of collagen (Murata et al., 1998). This may explain whyIL-4/IL-13-activated macrophages or neutrophils, a re-
collagen deposition, an important component of woundsult that agrees with bone marrow reconstitution studies
healing, was not significantly impaired in the absenceshowing that hematopoietic cells do not mediate worm
expulsion (Urban et al., 2001). Therefore, immunity of alternative macrophages and suggests that other
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Figure 6. Normal Type 2 Responses in LysMCreIL-4R/flox Mice with IL-4R-Dependent Alternative Macrophage Activation
Five to eight mice per group were infected with 100 cercariae of S. mansoni and analyzed at 7 weeks postinfection. A representative from
two to five independent experiments is shown.
(A) Antigen-specific T cell responses. Splenocytes from wt (black bars), IL-4R/ (white bars), and LysMCreIL-4R/flox (hatched bars) were
restimulated with SEA and supernatants analyzed for cytokine production; *p  0.01, compared to wt.
(B) Antigen-specific B cell responses. SEA-specific antibody production was determined from sera of individual mice (pooled for IgE). Mean 
SD of five mice per group.
(C) Real-time RT-PCR. Cytokine transcripts were quantitated in liver tissue from infected wt (black bars), IL-4R/ (white bars), and LysMCreIL-
4R/flox (hatched bars) mice. Data are shown as relative expression compared to wt noninfected tissue with *p 0.05, compared to infected wt.
(D) Arginase assay. LPS-stimulated peritoneal macrophages were costimulated with IL-4 (black bars), IL-13 (hatched bars), IL-10 (white bars),
or IFN- (checkered bars) and data are expressed as fold increase of urea (a product of Arginase I activity) compared to LPS treatment only.
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IL-4R-responsive cell types compensate for Type LPS levels in IL-4R/ and LysMCreIL-4R/flox mice sug-
gested that excessive inflammation in the gut was con-2-dependent egg-induced granulomatous pathology.
The presence of normal TH2/type 2 responses in N. bra- tributing to mortality via septic shock. Indeed, there was
dissemination of nonfermentative gram-negative bacillisiliensis and S. mansoni infected LysMCreIL-4R/flox mice
also rules out an important role for IL-4/IL-13-activated (gut flora) in the spleen and liver of infected IL-4R/
and LysMCreIL-4R/flox mice (data not shown), and treat-macrophages in TH2 cell development. This is a signifi-
cant observation, due to reports that alternative macro- ment with an antibiotic resulted in a transient extension
of survival in both strains (Figure 5G). However, antibi-phage activation promotes Type 2 responses (Goerdt
and Orfanos, 1999; Hayashi et al., 1999; Mantovani et al., otic-treated IL-4R/ mice only showed a slight exten-
sion in survival time, most likely due to multiple organ2002). Even though less pronounced than in IL-4R/
mice, antigen-specific TH1/type1 responses were pres- defects, indicated by a severe atrophy of spleen and
liver by 7 to 8 weeks postinfection (data not shown).ent in LysMCreIL-4R/flox mice, as observed in peripheral
lymphoid organs and blood, indicating that proinflam- Extension of survival time in IL-4R/ and LysMCreIL-
4R/flox infected mice suggests that mortality is at leastmatory macrophages may promote TH1 responses
(Brombacher et al., 2003). Moreover, IFN- and IL-6 partially attributed to septic shock due to the gut pathol-
ogy, a finding also seen in other helminth infections(data not shown) were significantly increased in hepatic
and intestinal tissue, as compared to wt controls. These (Schopf et al., 2002). As SOCS-1 is upregulated in mac-
rophages in response to LPS for regulation of NFBinflammatory cytokines at the site of antigen deposition
correlated with enhanced NOS-2-positive cells that were activation and proinflammatory cytokine production
(Nakagawa et al., 2002), we explored the possibility thatin close proximity to parasite eggs (Figure 4C). The find-
ing that hepatic mRNA expression of IL-10 was equiva- suppressors of cytokine signaling proteins (SOCS) were
impaired in LysMCreIL-4R/flox and IL-4R/ mice. Thislent between wt and LysMCreIL-4R/flox S. mansoni in-
fected mice despite elevated proinflammatory cytokines was not the case, as similar expression levels of SOCS-1
(or SOCS-3) in intestinal homogenates from the infectedand NOS-2 production in the latter supports the con-
tention that IL-10 is not able to compensate for alterna- mouse strains were observed (data not shown). Tra-
versal of eggs across the gut lining during S. mansonitive macrophage activation in the absence of IL-4/IL-13
(Gordon, 2003). This was confirmed in vitro by the ability infection is thought to contribute to the intestinal bleed-
ing seen in schistosomiasis patients (Chatterjee et al.,of IL-4 and IL-13 but not IL-10 to stimulate macrophages
for Arginase activity (Figure 6D). These results support 2001) and S. mansoni infected IL-4/ mice present with
hemorrhagic lesions of the gut (Brunet et al., 1997). Ex-a recent study demonstrating that IL-10 and IL-4 induce
distinct and nonoverlapping gene expression patterns cretion of parasite eggs is an immune-mediated process
abrogated by T cell tolerance to egg antigens (Fallonin macrophages (Stumpo et al., 2003).
LysMCreIL-4R/flox mice were unable to survive acute and Dunne, 1999), HIV/S. mansoni coinfection (Karanja
et al., 1997), or experimental infection of IL-4/ or IL-4/schistosomiasis, and the severity of disease progres-
sion was strikingly similar to IL-4R/ mice, with 100% IL-13/ mice (Fallon et al., 2000). Our results extend
these findings and suggest that IL-4/IL-13-responsivemortality within the first two months, whereas wt lit-
termate controls survived the acute phase with few macrophages serve a unique role in promoting the suc-
cessful passage of eggs into the fecal stream by control-losses. Neutrophils served no essential role, as in vivo
depletion did not alter the kinetics of mortality observed ling inflammation, a process that seems not to be substi-
tuted by IL-10. This was demonstrated by the presencein IL-4R/ and LysMCreIL-4R/flox strains (Figure 5B).
Thus, IL-4/IL-13-activated alternative macrophages were of substantial IFN- (TNF, data not shown) and IL-10 in
gut homogenates (Figure 5E). The amounts of IL-10 inessential to survive acute schistosomiasis. The observa-
tion that the presence of antigen-specific TH2 responses, the intestine seemed to correlate with inflammation, as
there were much higher levels of IL-10 in IL-4R mutanteosinophil recruitment, granuloma formation, and fibro-
sis (all of which were absent in IL-4R/ mice) were not strains, as compared to the wt. In addition to gut pathol-
ogy, enhanced hepatocellular damage was also de-sufficient for survival of LysMCreIL-4R/flox mice further
highlights IL-4/IL-13-activated macrophages as the piv- tected in both IL-4R/ and LysMCreIL-4R/flox strains
(Figure 5C). Hepatocellular damage and endotoxemiaotal downstream effector cells responsible for protec-
tion conferred by TH2 cytokines during schistosomiasis. are two morbidity factors in schistosomiasis that are
more pronounced in IL-4/ and IL-4/IL-13/ mice (Fal-This is an important finding, as it provides a cellular
model to explain the large body of evidence for a benefi- lon et al., 2000; Flamme et al., 2001). Hepatocellular
damage in schistosomiasis is due to dysregulated nitriccial role of TH2 cytokines during this disease (Brunet et
al., 1999; Dunne and Pearce, 1999; Fallon and Dunne, oxide production and oxidative damage to liver tissue
is inhibited by IL-4 (Flamme et al., 2001).1999; Patton et al., 2002; Pearce and MacDonald, 2002).
Since the major target organs of egg deposition during From the present work it can be concluded that in
wt mice the destructive potential of S. mansoni egg-S. mansoni infection are the liver and intestine, experi-
ments were conducted in order to identify factors that induced inflammation is counterbalanced by alternative
macrophage activation. This allows preservation ofcould be correlated with the mortality observed in both
IL-4R/ and LysMCreIL-4R/flox mice. Examination of intestinal and liver functions during acute schisto-
somiasis. In summary, the comparitive analysis ofintestinal granuloma tissue revealed a massive infiltra-
tion of inflammatory cells surrounding parasite eggs in LysMCreIL-4R/flox and IL-4R/ mice provides a cell-
specific explaination of how IL-4/IL-13 activated alterna-both IL-4R/ and LysMCreIL-4R/flox strains that was
closely associated with a reduced fecal egg output (Fig- tive macrophages prevent overt pathogenesis during
S. mansoni infection.ure 5F). Furthermore, the significantly increased serum
Alternative Macrophages in Schistosomiasis
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Experimental Procedures eggs in feces and adult worms in the intestine was determined as
previously described (Barner et al., 1998).
S. mansoniGeneration and Genotyping of Conditional
IL-4R-Deficient Mice Mice were percutaneously infected with 100 cercariae of a Puerto
Rican strain of S. mansoni (strain provided by Adrian Mountford,Gene targeting in BALB/c embryonic stem (ES) cells and Cre/loxP-
specific site-specific recombination was performed to generate IL- York, UK), weighed weekly, and mortality was recorded. Eggs were
purified from digested sections of liver or ileum and counted at 40
4Rflox/flox mice using techniques previously described (Mohrs et al.,
1999). LysMCre mice (Clausen et al., 1999) were first backcrossed to magnification. For granulocyte depletion, mice received weekly 1 mg
anti-granulocyte mAb i.p. (RB6-8C5), starting at week 5 postinfec-BALB/c for nine generations and intercrossed with IL-4Rflox/flox mice
in specific pathogen-free conditions in individual ventilated cages. tion. As determined by blood smear, 95% of the polymorphonuclear
cell population was depleted.These mice were further mated with IL-4R-deficient (IL-4R/)
mice to generate LysMCreIL-4R/flox mice. Transgene negative lit-
termates (IL-4R/flox referred to as wt) were used as controls in all Histology
experiments. All mice were housed under SPF barrier conditions in Tissue samples were fixed in neutral buffered formalin, processed,
the UCT animal facility. and 5–7 	m sections stained with hematoxylin and eosin (H & E),
Genotyping periodic acid Schiff reagent (PAS), or with chromotrope 2R and
Specific PCR primer pairs for the IL-4R, 5-GTACAGCGCACATT analine blue solution (CAB) and counterstained with Wegert’s hema-
GTTTTT-3 and 5-CTCGGCGCACTGACCCATCT-3; deletion, 5-GGC toxylin for collagen staining. Granuloma diameter of 250 granulomas
TGCCCTGGAATAACC-3 and 5-CCTTTGAGAACTGCGGGCT-3; was determined (Scion image, Frederick, MD). For immunohisto-
LoxP, 5-CCCTTCCTGGCCCTGAATTT-3 and 5-GTTTCCTCCTAC chemistry, OCT-embedded liver tissue was cut into 7 	m frozen
CGCTGATT-3; and Cre, 5-ATGCCCAAGAAGAAGAGGAAGGT-3 sections. After acetone fixation, macrophages were detected using
and 5-GAAATCAGTGCGTTCGAACGCTAGA-3. PCR conditions PE anti F4/80 mAb (Caltag, Burlingame, CA). A rat anti-mannose
were as follows: 94C/1 min, 94C/30 s, 57C/30 s, and 72C/1 min mAb (MR 5D3; gift from S. Gordon, Oxford, UK) and a rabbit anti-
for 40 cycles on an MJ thermocycler (Biozym, Hessisch Olden- NOS-2 mAb (gift from J. Pfeilschifter, Frankfurt, Germany) were used
dorf, Germany). to analyze macrophage function.
Hydroxyproline and Arginase DeterminationAnalysis of IL-4R Surface Expression by FACS
A modified protocol was used (Bergman and Loxley, 1963). In brief,Cells were incubated with 10% rabbit serum and stained with rat
weighed liver samples were hydrolyzed and added to a 40 mg Do-anti-mouse IL-4R (M-1) (Amgen Inc., Thousand Oaks, CA; a kind
wex/Norit mixture. The supernatant was neutralized with 1% phe-gift of F. Finkelman, Cincinnati, OH) in combination with PE-goat
nolthalein and titrated against 10 M NaOH. An aliquot was mixedanti-rat F(ab)2 (Southern Biotechnology, Birmingham, AL). All other
with isopropanol and added to a chloramine-T/citrate buffer solu-Ab’s were purchased from BD Pharmingen and analysis was per-
tion (pH 6.0) (Sigma). Ehrlich’s reagent solution was added and mea-formed using FACSCalibur (BD Pharmingen).
sured at 570 nm. Hydroxyproline levels were calculated by using
4-hydroxy-L-proline (Calbiochem) as standard, and results were
Functional Analysis of Cellular IL-4R Responsiveness expressed as 	moles hydroxyproline per weight of liver tissue that
Proliferation contained 104 eggs. Arginase was determined as previously de-
Lymph node cells were stimulated with serially diluted IL-4 for 48 scribed (Corraliza et al., 1994).
hr at 37C, pulsed with 1 	Ci thymidine (AEC Amersham Uppsala,
Sweden) for 18 hr, and thymidine incorporation was measured in a Real-Time RT-PCR
liquid scintillation counter as previously described (Mohrs et al., RNA from liver tissue was extracted and the presence of contaminat-
1999). ing genomic DNA was tested before cDNA synthesis by real-time
TH 2 Differentiation PCR using -actin primers that bind to genomic DNA (5-TGGAATC
Positively selected CD4 cells from lymph nodes containing 90% CTGTGGCATCCAGAAAC-3 and 5-TAAAACGCAGCTCAGTAACAG
CD4 cells were used for in vitro TH1/TH2 differentiation as previously TCCG-3) as previously shown (Holscher et al., 2001; Louis et al.,
described (Mohrs et al., 2000). 1998). The following primer pairs were used: IL-4, 5-TCGGCATTTT
Macrophage Nitric Oxide and TNF GAACGAGGTC-3 and 5-GAAAAGCCCGAAAGAGTC TC-3; IL-10,
Proteose peptone-elicited peritoneal exudate cells were cultured in 5-AGCCGGGAAGACAATAACTG-3 and 5-CATTTCCGATAAGGC
triplicates for 4 hr in complete IMDM. Adherent macrophages were TTGG-3; IL-13, 5-CTCACTGGCTCTGGGCTTCA-3 and 5-CTCAT
incubated for 16 hr with medium alone or serial dilutions of IL-13 TAGAAGGGGCCGTGG-3. Data were analyzed using the “fit points”
(R&D Systems, Minneapolis, MN). Cells were subsequently stimu- and “standard curve method” using the -2-microglubulin as
lated with LPS (15 ng/ml; Sigma) and IFN- (100 U/ml; BD Phar- housekeeping gene.
mingen). After 48 hr, nitric oxide and TNF was quantified by the
Griess reaction or by ELISA, respectively. Intestinal Homogenates for Cytokine Analysis
Oxidative Burst in Neutrophils From infected mice, 5% (wt/vol) intestinal tissue suspensions (ileum)
Peritoneal neutrophils were elicited with 4% thioglycollate. After 4 were homogenized in a lysis buffer containing 50 mM Tris-HCL (pH
hr, cells were isolated and cultured for 18 hr in the presence of 8.0), 0.5% NP-40, 1 mM EDTA, 150 mM NaCl, 10% glycerol, 1 mM
medium, IL-4 (1000 U/ml, Peprotech, London, UK), or IL-10 (10 ng/ aprotinin, and 1 mM PMSF with a protease inhibitor cocktail (Sigma).
ml, BD Pharmingen). Nonadherent cells were harvested and stimu- Extracts were frozen immediately in liquid nitrogen and stored at
lated for 1 hr with PMA (1 	g/ml, Sigma) for 24 hr. After PMA stimula- 80C.
tion, H2O2 production was determined based on reduction of ferricy-
tochrome C (Black et al., 1991). Ex Vivo Restimulation of Lymphocytes
Dendritic Cell IL-12p70 Production Enriched CD4 T cells were purified from mesenteric lymph nodes
Bone marrow cells were cultured in the presence of GM-CSF (200 at day 7 after infection with N. brasiliensis and stimulated with anti-
U/ml, Peprotech). Dendritic cells were incubated with 0.25 	M CpG- CD3 (clone 145-2C11; 10 	g/ml). MLN from S. mansoni infected
ODN 1668 (kindly provided by A. Dalpke, Marburg, Germany), in the mice were treated with 50 	g/ml of SEA (generous gift from Philip
presence or absence of IL-4 (1000 U/ml, Peprotech). IL-12p70 was Loverde, Buffalo, NY). Supernatants were collected and stored at
determined by ELISA (Lutz et al., 1999).
80C until analysis.
ELISA and Serum AnalysisInfection Studies
N. brasiliensis Cytokines in supernatants and antigen-specific antibody isotypes in
sera from infected animals were determined as previously describedMice were s.c. injected with 750 L3 larvae of N. brasiliensis (kindly
provided by Klaus Erb, Wu¨rzburg, Germany). Analysis of parasite (Mohrs et al., 1999). Hepatocellular damage was indicated by ele-
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vated serum levels of aspartate transaminase as determined by a schistosomiasis mansoni: a human perspective. Microbes Infect.
1, 553–560.AST/GOT kit (Sigma). Levels of serum LPS were determined by using
a E toxate kit for endotoxin determination (Sigma) in combination Fallon, P.G., and Dunne, D.W. (1999). Tolerization of mice to Schisto-
with an endotoxin colorimetric substrate (Calbiochem, Darmstadt, soma mansoni egg antigens causes elevated Type 1 and diminished
Germany) in endotoxin-free water and read at 405 nm (Harris et Type 2 cytokine responses and increased mortality in acute infec-
al., 1983). tion. J. Immunol. 162, 4122–4132.
Fallon, P.G., Richardson, E.J., McKenzie, G.J., and McKenzie, A.N.J.
Statistics
(2000). Schistosome infection of transgenic mice defines distinct
Values are given as mean  SD and significant differences were
and contrasting pathogenic roles for IL-4 and IL-13: IL-13 is a profi-
determined using the unpaired two-tailed Student’s t test or ANOVA.
brotic agent. J. Immunol. 164, 2585–2591.
Fiorentino, D.F., Zlotnik, A., Mosmann, T., Howard, M., and O’Garra,Acknowledgments
A. (1991). IL-10 inhibits cytokine production by activated macro-
phages. J. Immunol. 147, 3815–3822.We thank Dr. D. Abraham and Dr. A. Mountford for critical reading
of this manuscript; A. Ho¨lscher, R. Peterson, M. Simpson, UCT Im- Flamme, A.C.L., Patton, E.A., Bauman, B., and Pearce, E.J. (2001).
munology histology and animal facility staff, A. Bohms, and A. Jen- IL-4 plays a crucial role in regulating oxidative damage in the liver
ckel for excellent technical assistance. D.R.H. was supported by during schistosomiasis. J. Immunol. 166, 1903–1911.
the Colin Powell Tropical Disease, NRF, and UCT fellowship; F.B. Goerdt, S., and Orfanos, C.E. (1999). Other functions, other genes:
is holder of a Wellcome Trust Senior Fellowship for Medical Science alternative activation of antigen-presenting cells. Immunity 10,
(grant no. 056708/Z/99). The project was supported by MRC and 137–142.
NRF, South Africa.
Gordon, S. (2003). Alternative activation of macrophages. Nat. Rev.
Immunol. 3, 23–35.
Received: December 26, 2003
Harris, R.I., Stone, P.C.W., and Stuart, J. (1983). An improved chro-Revised: March 10, 2004
mogenic substrate endotoxin assay for clinincal use. J. Clin. Pathol.Accepted: March 17, 2004
36, 1145–1149.Published: May 18, 2004
Hayashi, N., Matsui, K., Tsutsui, H., Osada, Y., Mohamed, R.T., Na-
References kano, H., Kashiwamura, S.-i., Hyodo, Y., Takeda, K., Akira, S., et
al. (1999). Kupffer cells from Schistosoma mansoni-infected mice
Barner, M., Mohrs, M., Brombacher, F., and Kopf, M. (1998). Differ- participate in the prompt Type 2 differentiation of hepatic T cells in
ences between IL-4R alpha-deficient and IL-4-deficient mice reveal response to worm antigens. J. Immunol. 163, 6702–6711.
a role for IL-13 in the regulation of Th2 responses. Curr. Biol. 8, Hesse, M., Modolell, M., Flamme, A.C.L., Schito, M., Fuentes, J.M.,
669–672. Cheever, A., Pearce, E.J., and Wynn, T.A. (2001). Differential regula-
Bergman, I., and Loxley, R. (1963). Two improved and simplified tion of nitric oxide synthetase-2 and arginase-1 by Type 1/Type 2
methods for the spectrophotometric determination of hydroxypro- cytokines in vivo: granulomatous pathology is shaped by the pattern
line. Anal. Chem. 35, 1–5. of L-arginine metabolism. J. Immunol. 167, 6533–6544.
Black, C.D., Cook, J.A., Russo, A., and Samuni, A. (1991). Superoxide Hoffmann, K.F., Cheever, A.W., and Wynn, T.A. (2000). IL-10 and
production by stimulated neutrophils: temperature effect. Free the dangers of immune polarization: excessive Type 1 and Type 2
Radic. Res. Commun. 12-13, 27–37. cytokine responses induce distinct forms of lethal immunopathology
in murine schistosomiasis. J. Immunol. 164, 6406–6416.Brombacher, F. (2000). The role of interleukin-13 in infectious dis-
eases and allergy. Bioessays 22, 646–656. Holscher, C., Atkinson, R.A., Arendse, B., Brown, N., Myburgh, E.,
Alber, G., and Brombacher, F. (2001). A protective and agonisticBrombacher, F., Kastelein, R., and Alber, G. (2003). Novel IL-12
function of IL-12p40 in mycobacterial infection. J. Immunol. 167,family members uncovered in regulation of Th1 responses. Trends
6957–6966.Immunol. 24, 207–212.
Jankovic, D., Kullberg, M.C., Noben-Trauth, N., Caspar, P., Ward,Brunet, L.R., Finkelman, F.D., Cheever, A.W., Kopf, M.A., and
J.M., Cheever, A.W., Paul, W.E., and Sher, A. (1999). Schistosome-Pearce, E.J. (1997). IL-4 protects against TNF-alpha mediated
infected IL-4 receptor knockout (KO) mice, in contrast to IL-4KOcachexia and death during acute schistosomiasis. J. Immunol.
mice, fail to develop granulomatous pathology while maintaining159, 777–785.
the same lymphokine expression profile. J. Immunol. 163, 337–342.Brunet, L.R., Beall, M., Dunne, D.W., and Pearce, E.J. (1999). Nitric
oxide and the Th2 response combine to prevent severe hepatic Karanja, D.M., Colley, D.G., Nahlen, B.L., Ouma, J.H., and Secor,
W.E. (1997). Studies on schistosomiasis in western Kenya: I. Evi-damage during Schistosoma mansoni infection. J. Immunol. 163,
4976–4984. dence for immune-facilitated excretion of schistosome eggs from
patients with Schistosoma mansoni and human immunodeficiencyChatterjee, S., Man, J.D., and Marck, E.V. (2001). Somatostatin and
virus co-infections. Am. J. Trop. Med. Hyg. 56, 515–521.intestinal schistosomiasis: therapeutic and neuropathological impli-
cations in host-parasite interactions. Trop. Med. Int. Health 6, 1008– Linehan, S.A., Coulson, P.S., Wilson, R.A., Mountford, A.P., Brom-
1015. bacher, F., Martinez-Pomares, L., and Gordon, S. (2003). IL-4 recep-
tor signaling is required for mannose receptor expression by macro-Chiaramonte, M.G., Donaldson, D.D., Cheever, A.W., and Wynn, T.A.
phages recruited to granulomata but not resident cells in mice(1999). An IL-13 inhibitor blocks the development of hepatic fibrosis
infected with Schistosoma mansoni. Lab. Invest. 83, 1223–1231.during a T-helper type 2-dominated inflammatory response. J. Clin.
Invest. 104, 777–785. Loke, P., Nair, M.G., Parkinson, J., Guiliano, D., Blaxter, M., and
Allen, J.E. (2002). IL-4 dependent alternatively-activated macro-Clausen, B.E., Burkhardt, C., Reith, W., Renkawitz, R., and Forster, I.
phages have a distinctive in vivo gene expression phenotype. BMC(1999). Conditional gene targeting in macrophages and granulocytes
Immunol. 3, 7.using LysMcre mice. Transgenic Res. 8, 265–277.
Louis, J., Himmelrich, H., Parra, L.C., Tacchini, C.F., and Launois,Corraliza, I.M., Campo, M.L., Soler, G., and Modolell, M. (1994).
P. (1998). Regulation of protective immunity against LeishmaniaDetermination of arginase activity in macrophages: a micromethod.
major in mice. Curr. Opin. Immunol. 10, 459–464.J. Immunol. Methods 174, 231–235.
Lutz, M.B., Kukutsch, N., Ogilvie, A.L., Rossner, S., Koch, F., Romani,Croker, B.A., Krebs, D.L., Zhang, J.G., Wormald, S., Wilson, T.A.,
N., and Schuler, G. (1999). An advanced culture method for generat-Stanley, E.G., Robb, L., Greenhalgh, C.J., Forster, I., Clausen, B.E.,
ing large quantities of highly pure dendritic cells from mouse boneet al. (2003). SOCS3 negatively regulates IL-6 signaling in vivo. Nat.
marrow. J. Immunol. Methods 223, 77–92.Immunol. 4, 540–545.
Dunne, D.W., and Pearce, E.J. (1999). Immunology of hepatosplenc Mantovani, A., Sozzani, S., Locati, M., Allavena, P., and Sica, A.
Alternative Macrophages in Schistosomiasis
635
(2002). Macrophage polarization: tumor associated macrophages
as a paradigm for polarized M2 mononuclear phagocytes. Trends
Immunol. 23, 549–555.
Modolell, M., Corraliza, I.M., Link, F., Soler, G., and Eichmann, K.
(1995). Reciprocal regulation of the nitric oxide synthase/arginase
balance in mouse bone marrow-derived macrophages by TH1 and
TH2 cytokines. Eur. J. Immunol. 25, 1101–1104.
Mohrs, M., Ledermann, B., Kohler, G., Dorfmu¨ller, A., Gessner, A.,
and Brombacher, F. (1999). Differences between IL-4- and IL-4 re-
ceptor alpha-deficient mice in chronic leishmaniasis reveal a protec-
tive role for IL-13 receptor signaling. J. Immunol. 162, 7302–7308.
Mohrs, M., Ho¨lscher, C., and Brombacher, F. (2000). Interleukin-4
receptor alpha-deficient BALB/c mice show an unimpaired T helper
2 polarization in response to Leishmania major infection. Infect.
Immun. 68, 1773–1780.
Munder, M., Eichmann, K., and Modolell, M. (1998). Alternative meta-
bolic states in murine macrophages reflected by the nitric oxide
synthase/arginase balance: competitive regulation by CD4 T cells
correlates with Th1/Th2 phenotype. J. Immunol. 160, 5347–5354.
Murata, T., Husain, S.R., Mohri, H., and Puri, R.K. (1998). Two differ-
ent IL-13 receptor chains are expressed in normal human skin fibro-
blasts and IL-4 and IL-13 mediate signal transduction through a
common pathway. Int. Immunol. 10, 1103–1110.
Nakagawa, R., Naka, T., Tsutsui, H., Fujimoto, M., Kimura, A., Abe,
T., Seki, E., Sato, S., Takeuchi, O., Takeda, K., et al. (2002). SOCS-1
participates in negative regulation of LPS responses. Immunity
17, 677–687.
Patton, E.A., Flamme, A.C.L., Pedras-Vasoncelos, J.A., and Pearce,
E.J. (2002). Central role for interleukin-4 in regulating nitric oxide-
mediated inhibition of T cell proliferation and gamma interferon pro-
duction in schistosomiasis. Infect. Immun. 70, 177–184.
Pearce, E.J., and MacDonald, A.S. (2002). The immunobiology of
schistosomiasis. Nat. Rev. Immunol. 2, 499–511.
Raes, G., De Baetselier, P., Noel, W., Beschin, A., Brombacher, F.,
and Hassanzadeh Gh, G. (2002). Differential expression of FIZZ1
and Ym1 in alternatively versus classically activated macrophages.
J. Leukoc. Biol. 71, 597–602.
Schopf, L.R., Hoffmann, K.F., Cheever, A.W., Joseph, F., Urban, J.,
and Wynn, T. (2002). IL-10 is critical for host resistance and survival
during gastrointestinal helminth infection. J. Immunol. 168, 2383–
2392.
Stumpo, R., Kauer, M., Martin, S., and Kolb, H. (2003). IL-10 induces
gene expression in macrophages: partial overlap with IL-5 but not
with IL-4 induced genes. Cytokine 24, 46–56.
Takeda, K., Clausen, B.E., Kaisho, T., Tsujimura, T., Terada, N.,
Forster, I., and Akira, S. (1999). Enhanced Th1 activity and develop-
ment of chronic enterocolitis in mice devoid of Stat3 in macrophages
and neutrophils. Immunity 10, 39–49.
Urban, J.F., Jr., Noben-Trauth, N., Schopf, L., Madden, K.B., and
Finkelman, F.D. (2001). Cutting edge: IL-4 receptor expression by
non-bone marrow-derived cells is required to expel gastrointestinal
nematode parasites. J. Immunol. 167, 6078–6081.
